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Abstract 
Molten salt technology worked successfully in Molten Salt Reactor Experiment (MSRE) of Oak Ridge National 
Laboratory (ORNL) in the early 1960s. To advance the safety of the molten salt reactor, an external neutron source is 
considered to join into the center core. With comparison of cost effect between proton accelerator driven neutron 
source and electron accelerator driven neutron source, a notion to use an electron accelerator driver is in reason. A 
general monte carlo n-particle transport code is used to compute the neutron multiplication coefficient of the 
subcritical reactor core model driven by electron source (Ks), which has different definition compared with non-
driven source one (Keff), and the total fissions in this subcritical system, which is counted straightforward and 
precisely. Besides, a series of simulations are taken to compare groups of parameters in steady-state core and validate 
the theoretic feasibility for the subcritical experiment system. 
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1. Introduction 
Molten salt technology is originated in the early 1960s and usage of the molten salt fuel in the reactor 
worked successfully later [1]. Molten salt reactor is suitable to use for transmutation and fuel 
multiplication, because the liquid fuel give a promising way to on-line control composition of the fuel, 
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which usually contains with fissionable materials and the solvent like fluoride-beryllium-lithium salt. 
Since the liquid fuel flows, losing of delayed neutrons and fluctuating of fuel composition will raise 
problems in controlling such a reactor. A subcritical system with an external source driven by an 
accelerator is suitable and safe for controlling of the molten salt reactor operation [2]. 
Preparation of a conceptual design for an electron accelerator-driven molten-salt subcritical system 
gives confidence that such a system is technically feasible. Successful operation of MSRE in ORNL and 
substantial research on molten salt reactor materials and processes and the development of the electron-
neutron convertor all lead to optimism, that an electron accelerator-driven thorium molten salt subcritical 
system can be developed [3]. Though the neutron yield of e-n convertor is less than proton one for the 
same electric power investment, neutron production with an electron accelerator is more cost-effective 
than with a proton one within the strength of 1017 neutrons/s source. The reason for the cost-effectiveness 
is that the higher energy need for one neutron is counterbalanced by the lower investment and operational 
cost of the electron accelerator [4]. A series of simulations are taken to support the conceptual of the 
electron accelerator driven molten salt subcritical system. 
2.   Simulation model 
2.1. System Structure 
The outline of the conceptual accelerator driven molten salt subcritical system (ADMS) is shown in 
fig.1. There are four mainly parts in the system: 
 on-line processes and mixing unit,  
 subcritical core of thorium molten salt, 
 target store, and 
 particle accelerator. 
 
Fig. 1. outline of conceptual ADMS 
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In the block of on-line processes, the spent fuel is pyrochemical processed and the redundant 233U from 
the fuel multiplication is extracted, while the thorium or the TRU-materials can be replenished with the 
fluoride molten salt into the mixing unit to holding the fuel composition of the subcritical core. With the 
fuel composition controlled, the subcriticality of the system is maintained and the reactor is instinct safe. 
The sustaining neutrons yielding from the target driven by accelerator assure the system balance in steady 
power. 
The possible benefits of this conceptual design are described as: 
 the subcriticality of this system is maintained that makes reactor instinct safe, 
 the system is fit for producing 233U from 232Th, which extends the nuclear fuel materials consumption, 
 232U is a byproduct in the system, which assures the usage of this system non-proliferation of nuclear 
weapon, 
 spent fuel processing is continuous and can be highly automated, besides completely closed loop fuel 
cycle makes the nuclear fuel practically burn out in the system, and fuel assembly needn’t be produced, 
and 
 the system contains the ability of burning up MAs and LLFPs from the existing spent fuel. 
The driven-accelerator can be chosen between proton accelerator and electron accelerator. The proton 
spallation driver is effective in neutron production which make it fit for the high power subcritical system 
[5]. However, it is large, expensive and presently would involve certain difficulties in operation. On the 
contrary, an electron driver is relatively cheap. At the same time, it might bring advantages in terms of 
reliability. The production with lead target would be 21 neutrons/proton or 0.35 neutrons/electron, 0.325 
neutrons/proton or 0.03 neutrons/electron and 0.0037 neutrons/proton or 0.0022 neutrons/electron when 
the incident particles have the energy of 1000MeV, 100MeV and 20MeV, respectively. The neutron 
production difference between proton and electron is reduced while the energy of incident particles 
decreases. The choice of the accelerator driver relies on intensity interval of the neutron source. As 
comparison, an envisaged-CW electron accelerator is more suitable for the system in prophase, which is 
fit for experiments in low power. 
2.2. Simulation method 
By taking into account the effect with an external neutron source in the subcritical system, “K-source” 
coefficient (Ks) is introduced to make a difference from neutron multiplication coefficient (Keff) in non-
external source system [6]. The definition of Ks is write as: 
fission neutrons
total neutronss
K          (1) 
With the definition of Ks, the total fissions (F) induced by a single incident particle in the subcritical 
system is described as: 
0
(1 )
s
s
K
F
K v
S
           (2) 
where S0 is the external neutrons produced by per single incident particle, and v is averaged fission 
neutrons produced in per fission.  
In the general monte carlo n-particle transport code, the definition of neutron multiplication coefficient 
Keff is: 
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where the phase-space variables are t, E,  for time energy, direction, and implicitly r for position with 
incremental volume dV around r. The denominator is the loss rate, which is the sum of leakage, capture, 
fission, and multiplicity (n, xn) terms. By particle balance, the loss rate is also the source rate, which is 
unity in a criticality calculation. After several estimators combination using observed statistical 
correlation, Keff would finally get an optimum final estimated result and its standard deviation. However, 
the value of Keff cannot be used to express the external source affection [7].  
To calculate Ks and F, analysis of the unitary neutron track summary in the MCNPX calculation result 
of simulating core model with external neutron source is undertaken. Since unsure external neutron 
efficiency, a model of the subcritical core bombarded with electron is simulated to work out the incident 
particle influence in energy amplification and Ks calculation. The steady-state subcritical reactor core 
model, shown in figure 2, is built up into two modes, ordinary one without external source and driven one 
with an external source in the centre core, making comparison. With the output unitary neutron track 
summary in calculation result of the external source mode, Ks can be calculated and the total fission 
induced by single incident particle is acquired directly and precisely. 
 
Fig. 2. The sectional planform of simulating model 
3. Simulation result 
In fact, one of the important features of molten salt reactors is circulating fuel. The fuel is dissolved in 
the coolant, which is in motion, and spends a part of its life outside the core. This brings about alteration 
of the delayed neutrons to the reactivity balance. In this work, with the Monte Carlo scheme, delayed 
neutrons are taken as born at the position of the fission event. The error caused by the migration of the 
precursor nuclei in the simulating system has not been considered.  
In the simulation, the same reactor core is constructed in two modes, and a single centre neutron target 
is built separately for comparison. For an example model analysis, dimension of the active cylinder core 
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region, radius=50cm, height=90cm, is presented. It is filled with graphite moderator and LiF-BeF2-ThF4-
UF4(U233) fuel. In external source mode, 150MeV electron is chosen for source particle. All the incident 
particle energy and core dimension optimization were taken in prophase of this work, they would not be 
presented here. The static-state parameters of this subcritical system, like Ks calculation and neutron flux 
distribution of the core, are the important topics of analysis below. 
3.1.   Ks and total fission 
By active cycles estimated in the ordinary mode of the simulating model, the final Keff =0.98852 is got. 
And  neutrons produced by per fission, v=2.49480, can be calculated. In external source mode simulation, 
the unitary track list of neutron in the subcritical system was presented as table 1. 
Table 1. The track list of neutron induced by single electron source 
Neutron loss Value (n/e) 
Escape 1.6582E-01 
Weight cutoff 1.2059E+00 
Capture 2.1741E+00 
Loss to (n, xn) 1.2113E-02 
Loss to fission 1.5451E+00 
Nucl. interaction 7.0807E-05 
Tabular boundary 4.8205E-06 
Total  5.1031E+00 
With the neutron track record and v calculated, Ks can be write into an equation as follow: 
{Loss to fission}
{Total}-{Weight cutoff}s
K         (4) 
where {Loss to fission}, {Total}, {Weight cutoff} represent respectively their values in table 1. “Loss to 
fission” means the total fissions induced by a single incident particle in the simulation model. Weight 
cutoff is the part of neutrons which is abandoned by computer system because of the weight of the 
neutrons below the system setting. Ks=0.98910 can be got by equation (4) with the value in table 1. 
The neutron target placed in centre of core is simulated separated to calculate neutrons produced by per 
incident particle, S0=3.6699E-02. As the equation (2) described, the total fission induced by per incident 
particle can be also calculated after the parameters offered. The result of the parameters is presented in 
table 2.  
Table 2. The list of parameters 
Title Value 
v 2.49480 
Keff 0.98852 
Ks 0.98910 
S0 3.6699E-02 
F (calculated by equation 2.) 1.3348 
F* (counted in neutron track result)  1.5451 
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The external neutron source is in the centre of the core, and it makes the external neutrons more 
valuable than fission ones in the system, which causes the value of Ks larger than Keff. Besides, the value 
of the total fissions induced by single incident particle in the subcritical system is counted in two ways. 
The value of F, calculated by equation (2), is less than the value of F*, counted in the result of neutron 
track list by code. The deviation of values comes from propagation of parameter errors in the equation (2). 
Value of S0 calculated from the single target model simulation is not exactly the same value in the whole 
core model. In fact, it is reasonable to choose F* for total fission energy calculation in the ADMS. With 
the example core model, a 150MeV electron produces 1.5451 fissions in the system working at 
Ks=0.98910, while the conversion ratio (CR) of 232Th to 233U is 0.3836.  
3.2.   Neutron spectrum and flux 
Models with and without electrons bombarding source in subcritical molten salt core are simulated to 
figure out the influence by accessional neutron source in the system. And the single neutron source target 
model is also simulated for comparison. The neutron spectrums of three models are presented as fig. 3. In 
the non external source model, the data are united into per fission neutron, while the others are united into 
single incident electron in the fig. 3 and fig. 4. Although the data unitary systems are different, it is still 
easy to find out the variation tendency between them. The neutron spectrum produced in single target 
model has a sharp shape in high energy range, while the neutrons in the models of subcritical core are 
moderated similarly. Since the neutrons are all recorded in same region of the centre core, it is reasonable 
to get a conclusion that the external neutron source hardly changes the neutron spectrum in reactor core.  
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Fig. 3. Neutron spectrum in three different models 
The neutron fluxes in the different simulating modes of the core are presented as Fig. 4. In axial 
direction, the difference of neutron flux shape between two models is small, which indicates that external 
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neutron source hardly change the shape of the neutron flux in axial direction. Comparing with neutron 
flux in radial direction, it is easy to find out that there is a protuberance in center of the core with external 
source. And the flux of protuberant neutron in the center core (R<5cm) is almost double of the average 
neutron flux in active core region. In the cooling system design, the fuel flow distribution can give a 
consideration at dealing with the protuberance of neutron flux in center core. 
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Fig. 4. (a) Neutron flux distribution of axial direction in the model without external source; (b) Neutron flux distribution of axial 
direction in the model with external source; (c) Neutron flux distribution of radial direction in the model without external source; 
(d)Neutron flux distribution of radial direction in the model with external source 
4.  Summary 
To validate the theoretic feasibility of an electron beam driven subcritical thorium molten salt system, 
a series of simulation is taken to compute groups of parameters in steady-state core. A new way to 
calculate the effective multiplication factor in external source reactor system was developed, and an easy 
and precise method is chosen to compute fission energy in this system. Besides, the simulation data give 
an attestation that an electron bombarding external neutron source do not inflect neutron spectrum and 
flux shapely in the reactor. With fuel flow distribution reassignment, the influence of the external source 
in this system can be solved. To give a positive approval, a series of models are carried out to optimize 
the subcritical system design. And in one of these models` simulation, a 150MeV electron produces 
1.5451 times fission when the system works at Ks=0.9891, etc. an accelerator with power 150kW will 
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induce about 280kW fission power in the system, while the conversion ratio (CR) of 232Th to 233U is 
0.3836. And this low power model is fit for experimentation.  
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